Abstract-Extreme
INTRODUCTION
High resolution lithography is one of the key technologies driving the semiconductor industry, with significant efforts being devoted to increasing the density of obtainable patterned features via the use of progressively smaller wavelengths, down to EUV radiation in the 10 ÷ 15 nm range [1, 2] .
In EUV lithography the radiation wavelength is drastically downscaled -down to the nanometer region. At these wavelengths, radiation is strongly absorbed, in anything from bulk materials to gases, even at pressures in the Pa range. As a result, the optical system has to consist only of mirrors, as no lenses for such wavelengths are possible to manufacture, and must reside in vacuum. For normal incidence mirrors, the highest reflectivity is achieved by the Mo/Si multilayered mirrors, in a small band around 13.5 nm [3] [4] , so that a small interval in this wavelength region was chosen for use in EUV lithography. However, an important drawback of EUV lithography is the damage inflicted upon mirrors by energetic particles emerging from the EUV radiation sources, as well as by the heat load generated by the sources themselves. When using collection mirrors at grazing incidence in an EUV lithography system, they are usually made from special substrate materials (i.e. zerodur) and are coated with thin films highly reflective in the required EUV range (e.g. Ru, Mo or multilayers (ML) such as Mo/Si and Mo/Ru/Si) [5, 6] . In the work reported here, we looked for a collecting mirror exhibiting both high reflectivity at grazing incidence angles and high resistance to bombardment by energetic particles. This paper presents the results obtained following the investigation of thin films known to have a good wear-corrosion resistance and stable microchemical properties at high temperatures.
METHODS
The films were deposited on optical glass, Si, plain carbon steel and high-speed steel substrates by d.c. reactive magnetron sputtering. A Ti and a Zr cathode were used in a reactive atmosphere consisting of a mixture of N 2 and Ar gases. Details regarding the deposition system used can be found elsewhere [7] . Alternating ZrN/TiN films were obtained by placing two rotating shutters placed in front of each magnetron. Depending on the characteristic deposition rates of each of the individual layers (TiN and ZrN) and on the rotating speed of the each of the shutters, various multilayer configurations (with different bilayer thicknesses -d ) were prepared. Following the information obtained by simulation [8] , multilayered films with a constant Γ Γ Γ Γ=2/3 value (Γ Γ Γ Γ being the thickness ratio of the ZrN and TiN individual layers) and different bilayer thickness d were deposited. The overall thickness of the deposited coatings was different, so as to be adequate for each of the considered tests: for EUV reflectivity measurements, AES and AFM, the thickness was about 280 nm (40 bilayers of thickness d = 7 nm), while for XRD, EDX, microhardness and adhesion tests, the thickness was in the micrometer region. The different types of ML, the notation ZrN/TiN-n/d will be used, where n is the number of bilayers.
Texture, phase composition and bilayer period were determined by high angle X-ray diffraction (XRD), using Cu K α radiation. The chemical composition of the superlattices with d ≤ 20 nm was determined by energy dispersive Xray (EDX) spectroscopy, using an XL -30 -ESEM TMP scanning electron microscope.
Ion bombardment tests using 5 keV Ar+ ions at 10 0 incidence angle, were carried out with the ion gun used for sputter cleaning and target etching in an Auger Electron Spectroscope (AES) model PHI 3017. The same system was also used for elemental analysis of the films. The surface roughness was assessed by tapping mode AFM, using an Innova Veeco system.
Microhardness was measured with a Vickers microhardness tester at 15 gf load. Scratch tests under standard conditions were performed to estimate the coatings adhesion. The films delamination at the critical load L c was visualised using optical microscopy. Film thicknesses were determined by surface profilometry using a Dektak-150 Veeco system.
The EUV and UV reflectivity of the deposited films was measured for a wavelength of 13.5 nm using monochromatic synchrotron radiation in NIST -USA.
RESULTS
The three diffraction patterns of ZrN/TiN ML with bilayer periods d in the micrometer and nanometer ranges, deposited on optical glass, are shown in fig. 1a , 1b and 1c. The overall thickness was about 6600 nm for any of the coatings. Just as for monolayer films, the diffraction patterns of ML exhibit a strong (111) preferred orientation.
For the ZrN/TiN ML films with a large bilayer period (d = 1100 nm, Fig. 1a) , the diffraction lines belong both to the ZrN and to the TiN films, from which the coating is composed. It is worth noting that the diffraction pattern is not similar with that exhibited by a TiZrN layer (Fig. 2) . For nanometer scale ZrN/TiN ML (d < 10 nm), the pattern generally consists of a Bragg peak located at the average lattice spacing of the multilayer surrounded by equally spaced satellite peaks, as can be seen in In the cases illustrated in figures 1b and 1c, the calculations lead to the Λ values of 9.2nm and 7.2 nm respectively, in excellent agreement with the values determined from the overall coating thickness measurements (9.2nm and 7.3nm). The typical EDX spectrum of ZrN/TiN ML is shown in Fig.3 . The elemental composition of both mono-layered and multi-layered films deposited on steel, as it resulted from the EDX analyses, is presented in Table 1 .
It can be seen that the monolayer films are almost stoichiometric: N/Ti = 1.1; N/Zr = 0.9. The presence of a small amount of oxygen is Table 2 . One may note that nano-structured coatings are significantly harder (HV 0.015 = 34 -35 GPa) than multilayers with bilayer periods in the micrometer range. All coatings exhibited a good adhesion, with the best being recorded for superlattice films (L c = 57 ÷ 58 Nm). Selected images of some MLs deposited on Si and optical glass substrates are presented in Figs. 4 and 5. The roughness values of the uncoated and ML coated (n = 40 nm, d = 7 nm) specimens are summarized in Table 3 , where R a is the roughness average, R q is the rms roughness and R t is maximum height of the profile in the investigated area. These results do not show any changes in the rms roughness of coated surfaces as compared with uncoated ones.
The experiments showed the increase of the number of bilayers n, together with the accompanying increase in overall thickness, to lead to an increase in roughness. A comparison between the roughness of ML coatings of different thickness -as resulting from variations in the number of bilayers, is presented in Table 4 . A set of type ZrN/TiN-100/7 mirrors were subjected to an ion bombardment test for 10 min and were subsequently analysed by means of AFM to assess their surface roughness and AES to observe layer interdiffusion. The AFM test showed that after bombardment the rms roughness of the Si ML coated decreased with about 0.5 nm -a promising result with regard to using this type of collector mirrors in EUVL systems. The AES in-depths elemental analysis revealed well defined stoichiometric ZrN and TiN monolayers, with no interdiffusion layer at the interface.
CONCLUSIONS
ZrN/TiN reflective hard coatings with bilayer periods Λ ranging from 7 to 1100 nm were successfully deposited on Si, optical glass, plain carbon steel and high-speed steel substrates using the d.c. magnetron sputtering method. The monolayer films of ZrN and TiN were almost stoichiometric (N/Zr=0.9 and N/Ti=1.1). The XRD patterns of the ML with small Λ values exhibited a pattern typical of superlattice coatings, consisting of a main Bragg peak surrounded by satellite peaks. Ion bombardment (5 keV Ar + ) of the MLs, intended to mimic the bombardment with EUV source debris, showed the top ZrN layer to be unaffected by any interdiffusion and a slight decrease of the rms roughness from 1 nm to 0.5 nm after 10 minutes of bombardment.
The multilayers with bilayer period d in the 7 -9 nm range were the hardest (~ 35 GPa) and exhibited the best adhesion, but good adhesion values were obtained for all the other coatings as well. The deposited films with a multilayered architecture led to an enhanced ion bombardment resistance, presenting promising reflectivity values for 13.5 nm EUV radiation.
